Introduction
============

In mammals, there is typically an intense period of mother--infant interaction during the postnatal period that is essential for growth and development of offspring. However, within and across species, there is certainly evidence for a high degree of variation in the quality of maternal care (Fairbanks, [@B39]; Insel and Shapiro, [@B45]; Maestripieri, [@B55]). Thus, even amongst inbred strains of laboratory rodents, there is within strain variation in particular forms of maternal behavior and in the pattern of mother--infant interaction (Champagne et al., [@B23], [@B22]) and this variation can also be induced through genetic manipulation of the female (Leckman and Herman, [@B49]) or through alterations in the prenatal or postnatal environment (Lovic et al., [@B54]; Smith et al., [@B81]). In a laboratory environment, the study of the long-term impact of variation in mother--infant interactions has been conducted using a variety of rodent models but provides converging evidence for maternal influence on offspring gene expression, neurobiology and behavior (Fernandez-Teruel et al., [@B40]; Lehmann and Feldon, [@B50]; Meaney, [@B59]).

Experimental evidence for the role of maternal care in shaping offspring development is based primarily on rodent models in which lactating dams are singly housed with their litters throughout the postpartum period. However, within the natural ecology of both mice and rats, it is typical for females to care collectively for pups within a communal nest in which multiple females nurse and interact with offspring (Crowcroft and Rowe, [@B33]; Mennella et al., [@B62]; Schultz and Lore, [@B79]). Thus, even amongst species in which bi-parental care is not typical, a rearing strategy is employed involving multiple caregivers. The communal rearing paradigm has previously been used to study female kin recognition and reproductive success (Crowcroft and Rowe, [@B33]; Mennella et al., [@B62]; Konig, [@B46]), with more recent studies focusing on the cognitive and behavioral outcomes associated with being reared in a communal nest (Branchi, [@B13]). Studies of singly vs. communally reared ICR mice suggest that there are significant increases in hippocampal BDNF and cell survival in offspring reared under communal conditions and evidence for increased social competency as indicated by an increased ability for communally reared males to establish and re-establish dominance hierarchies (Branchi et al., [@B15],[@B16]; D\'Andrea et al., [@B36]). Significant effects of communal nursing on anxiety-like behavior have been previously demonstrated, with the direction of the effect dependent on the sex, strain and age variation of pups within the nest (Sayler and Salmon, [@B78]; Branchi et al., [@B16]).

In addition to predicting variation in anxiety-like behaviors and neuronal survival, the quality of the early social environment, and in particular the amount of maternal care received, predicts variation in social and reproductive behavior of female offspring (Champagne et al., [@B23]; Coutellier et al., [@B30]). Natural variations in licking/grooming (LG) behavior experienced by female pups during the first postnatal week is a significant predictor of the adult maternal behavior of these offspring (Champagne et al., [@B23]). High levels of LG experienced in infancy predicts high LG of females when they are adults and caring for their own offspring, with the converse effect when low levels of LG are experienced early in development. This transmission of maternal behavior from mother to daughter can lead to a transgenerational maternal influence such that grand-offspring are likewise influenced by the variations in maternal behavior experienced by previous generations (Champagne and Meaney, [@B26]). There is increasing evidence for transgenerational effects of environmental experiences (Anway et al., [@B2]; Crews et al., [@B32]; Curley et al., [@B34]; Arai et al., [@B3]) and it is hypothesized that this type of inheritance may provide a novel route through which adaptive changes in one generation can be transmitted across generations (Badyaev and Uller, [@B5]; Russell and Lummaa, [@B76]).

In the current study, we explored the impact of communal rearing on maternal behavior and anxiety-like responses in female mice. Based on the premise that the communal rearing environment serves as a form of early social enrichment we conducted these studies with Balb/c mice, a strain that has previously been demonstrated to exhibit reduced maternal care (Carola et al., [@B18]; Roy et al., [@B75]), impaired social recognition and interaction (Brodkin, [@B17]; Panksepp and Lahvis, [@B68]), and elevated levels of anxiety-like behavior (Priebe et al., [@B72]), in order to determine the possible ameliorating effects of communal rearing on these behavioral outcomes. Moreover, we examined the impact of standard compared to communal rearing environments on both F1 female offspring, who had experienced the communal environment in infancy, and F2 females, who had never experienced the communal environment but who had been reared by an F1 female from a communal nest. In both F1 and F2 offspring we examined region specific levels of oxytocin and vasopressin (V1a) receptors to ascertain the long-term impact of this environmental variation on neural systems involved in social/reproductive and anxiety-like behaviors. These studies involve a novel approach to the study of environmental regulation of brain and behavior which illustrate the persistence across generations of the quality of the early environment and the developmental shifts that can occur through use of ecologically relevant manipulations in a laboratory setting.

Materials and Methods
=====================

Animals and animal husbandry
----------------------------

Balb/c mice (*Mus musculus*) used for these studies were bred in our own facility and were the offspring of mice brought in from commercial breeders. All animals were housed at the Sub-Department of Animal Behaviour at the University of Cambridge in accordance to the UK Home Office regulations. Prior to testing, mice were kept in opaque cages (16.5′ × 5′ × 5′) with steel wire lids on a reverse 12D:12L light cycle under a constant temperature of 21°C and 55% humidity and provided *ad libitum* water and food (RM1 E rodent chow diet, Lillico, Surrey, UK). All behavioral observations and tests took place during the dark period of the light cycle under dim red illumination.

To generate the litters used in these studies, 30 adult (day 70) Balb/c females were mated with adult Balb/c males over a 2-week period. Mating groups consisted of three females and one male per cage. After the mating period, males were removed from the cage and females were monitored daily. At approximately gestational day 16, females were singly housed with continued daily monitoring for the birth of pups. To generate *communal* rearing conditions, three females who had given birth within the same 12h period were housed together in a large (19′ × 10.5′ × 6′) *Plexiglas* cage and were provided with 18--19 foster pups pooled from post-parturient females who had likewise given birth within the same 12h period. Females rearing pups under *standard* conditions (in the F0 generation only) were also given foster pups from dams who had given birth within the same 12h period and housed in large cages. The use of fostering in this cohort was conducted to remove group differences in the dam\'s exposure to "own" vs. "other" pups. Thus females in both *standard* (F0 generation only) and *communal* conditions were rearing foster pups, and all fostering was done on the day of parturition (PND 0).

Throughout the postpartum period, cages were cleaned each week but litters were otherwise undisturbed. Pups were weaned at PND 28 and housed three/cage in same-sex, same-rearing condition groups in the standard sized cages (16.5′ × 5′ × 5′). At approximately day 70 female F1 offspring were mated for 2 weeks as in the F0 generation and all females (F1 *communal* and *standard*) reared their own non-fostered pups under *standard* rearing conditions in standard sized cages. F2 offspring were weaned at PND 28, housed in same-sex, same F1 rearing condition groups, and mated at day 70. All F2 offspring reared their own non-fostered pups under *standard* rearing conditions as per the F1 females. Thus there were three generations included in this study: (1) F0 females rearing offspring under *standard* or *communal* conditions, (2) F1 offspring who had been reared under *standard* or *communal* conditions, and (3) F2 grand-offspring of females rearing offspring under *standard* or *communal* conditions (included to determine the transgerenational impact of the varied rearing environment).

Experimental design
-------------------

On PND 0 all litters of F0 females were weighed and counted and a brief test of pup retrieval was conducted prior to fostering. Nine females were assigned to *communal rearing* (generating 3 communal nests) and 11 *females* assigned to standard rearing. Females who did not get pregnant, lost their litter on the day of birth or gave birth on a day when their pups could not be fostered to an age-matched litter were discarded from the study. Home-cage maternal observations were conducted from PND 1 to PND 6. At PND 6, litters were weighed and counted but were otherwise undisturbed until weaning at PND 28. Individual offspring weights were also measured at PND 35 and day 60. At approximately day 65, male and female F1 offspring (*n* = 25/sex/group) were tested in the open-field apparatus. In cases where more than one pup per litter was used (a maximum of 3 pups per sex per litter were included), litter effects were controlled for in the analysis. At day 70, female F1 offspring were mated to generate F2 offspring. Litters of F1 females (*n* = 16/rearing condition) were weighed and counted on PND 0 followed by a brief test of pup retrieval and home-cage maternal observations from PND 1 to PND 6. Pups were weighed and counted at PND 6 and on PND 7 the F1 dam was briefly removed from the cage to measure lactational aggression. Litters were otherwise undisturbed until weaning at PND 28. Only female F2 offspring were used in the F2 behavioral testing. Assessment of F2 offspring (one to two/litter) proceeded in the same design used with the F1 offspring: open-field testing at day 65, mating at day 70, pup retrieval at PND 0, maternal observations from PND 1 to PND 6, and lactational aggression at PND 7. At total of *n* = 17 F2 *standard* and *n* = 14 F2 *communal* litters were tested and analysis of any potential litter effects was included (though none were found significant). F1 females used for brain analysis were sacrificed on PND 28 immediately prior to weaning their pups (between six and eight females per group per receptor type). All F2 females and litters were sacrificed at PND 7 immediately following the maternal aggression test with between 10 and 14 females per group per receptor type being used. A summary of the research design can be found in Table [1](#T1){ref-type="table"}.

###### 

**Summary of research design**.

  Generation   Description                                                                                                    Tests and measures                                         Time/age of assessment
  ------------ -------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------- ------------------------
  F0           Lactating dams rearing cross-fostered offspring in standard vs. communal nests                                 Frequency of postpartum maternal behavior                  Postpartum days 1--6
  F1           Male and female offspring reared in standard vs. communal nests                                                Weights (g)                                                PND 1, 28, 35, 60
                                                                                                                              Open-field testing                                         PND 65 (adulthood)
               Female offspring, mated at PND 70, rearing own offspring in standard nests                                     Litter size, weight, and performance in a retrieval test   Postpartum day 0
                                                                                                                              Frequency of postpartum maternal behavior                  Postpartum days 1--6
                                                                                                                              Lactational aggression                                     Postpartum day 7
                                                                                                                              Hypothalamic receptor binding density (OT and V1a)         Postpartum day 28
  F2           Female grand-offspring that are reared in standard nests by F1 communal vs. standard reared female offspring   Weights (g)                                                PND 1
                                                                                                                              Open-field testing                                         PND 65 (adulthood)
               Female offspring, mated at PND 70, rearing own offspring in standard nests                                     Litter size, weight, and latency to retrieve pups          Postpartum day 0
                                                                                                                              Frequency of postpartum maternal behavior                  Postpartum days 1--6
                                                                                                                              Lactational aggression                                     Postpartum day 7
                                                                                                                              Hypothalamic receptor binding density (OT and V1a)         Postpartum day 7

Rating of nest quality
----------------------

Late-gestation females were checked for new litters twice per day. As soon as a new litter was identified the nest quality was scored on a 0--5 scale as follows: 5 -- all pups are licked clean (no signs of placental tissue on body of pup) and are located inside a well-built nest; 4 -- a well-built nest is present but one pup is found to be either not fully licked clean or located outside of the nest; 3 -- two or more pups are not retrieved into the well built nest site and/or are unclean; 2 -- some pups have been retrieved to the nest location but only a rudimentary nest has been built; 1 -- the majority of pups are scattered throughout the cage with only a rudimentary nest built; 0 -- all pups are scattered throughout cage and no nest site is identifiable.

Pup retrieval test
------------------

On the day of birth, the lactating female and pups were removed from the home cage briefly (approximately 10 s) and bedding was disturbed throughout the cage. Three pups from the litter were then randomly placed away from the nest end of the home cage, and the mother was then reintroduced to the cage. The latency (in seconds) to sniff a pup, retrieve each of three pups, nestbuild and crouch over pups was recorded. If a female had not completed this response within 15 min the test was terminated, resulting in a latency of 900 s for any behaviors not yet observed. Following testing, all pups were returned to the home cage. All testing occurred within the colony room.

Maternal observations
---------------------

The procedure for assessing maternal behavior in mice was adapted from previous work examining natural variations in maternal care in rats (Champagne et al., [@B23]). Maternal behavior was scored from PND 1 to PND 6. Observers were trained to a high level of inter-rater reliability (i.e., \>0.90). Dams were observed in their home cage during the dark-phase of the light cycle under dim red light (\<5 lux) and not disturbed for the duration of the 6-day observation period. Each day consisted of four observation periods, two within the first 5 h following the onset of the dark cycle (0800 to 1300) and 2 within 7 h of the end of the dark cycle (1300 to 2000). Each observation was 60 min in duration and no observation sessions took place within the 1-h period before or after the transition from the light to dark cycle. Within each observation period, the behavior of each mother was scored every 3 min (20 observations/period × four periods per day = 80 observations/mother/day = 480 observations per mother over the 6 days). The following behaviors were scored: mother off pups, mother licking and grooming any pup (both body and anogenital licking were included), mother in nursing posture over pups, mother in contact with pups but not nursing, nest-building, self-grooming, eating and drinking. Variations in nursing posture previously observed in lactating rat dams were not evident in the 6 days postpartum and nursing thus describes a crouched arch posture over pups. We have used this method in previous studies of natural variations in maternal care in 129Sv, C57BL/6 and Swiss mice (Champagne et al., [@B22]).

Open-field test
---------------

The open field test is a standard tool for measuring exploratory and anxiety-like behavior in rodents (for reviews see Archer, [@B4]; Crawley, [@B31]; Belzung and Griebel, [@B6]). The open-field used was a 24′ × 24′ × 16′ plastic box. The sides of this box were black and the floor consisted of white tiles. The behavior of the animal in this field was recorded with a video camera mounted on a tripod adjacent to the field. Coding of these video recordings was completed using a DOS-based program designed to give summaries of the amount of time spent in the inner and outer area of the field, as well as the overall activity of the animal. Mice were tested in the open-field at approximately 65 days of age and females were confirmed to be in diestrus on the day of testing following analysis of the cytology of a vaginal smear. On the day of testing, the mouse was removed from its home cage and placed directly into one corner of the open field. After a 10-min session, the mouse was removed and returned to its home cage. Counts of fecal boli were assessed at this time. All testing was conducted under red (dark phase) lighting conditions. During analysis of the recordings, the field was divided into a grid of 10 × 10 squares. For the purposes of analysis, inner field exploration was defined as the time spent in the inner 9 × 9 squares, activity was defined as the number of square crossings and pauses in movement within the field were defined as the duration of time spent immobile. The length of time spent immobile is a measure created from a log starting 5 s after the rodent stops engaging in grid crossings during the test and indicates the duration of time during which there are no grid crossings. Though there may be some aspects of "freezing" included in this measure, it is a more general indicator of immobility.

Maternal aggression
-------------------

On postpartum day 7, each Balb/c female was exposed to an intruder male for 7 min in her home-cage. All tests took place between 4 and 7 h after the onset of the dark light cycle. Immediately prior to the behavioral test, pups were removed from the home-cage. Previous work has demonstrated that removing pups does not diminish the expression of maternal aggression in mice (Svare et al., [@B83]). Postpartum day 7 was chosen as this is within the period of high levels of maternal aggression in mice that occurs between postpartum days 4 and 10 (Svare, [@B82]). At the commencement of the test, an adult, group-housed, virgin Balb/c intruder male was placed in the dam\'s home cage at the opposite end from the nest-site. Each test was recorded on videotape and reviewed post-test to analyze maternal aggression. No male was used more than twice, with F1 and F2 *standard* and *communal* females receiving males with equal levels of previous test experience. Males were given at least 1 day of rest between tests. The latency, frequency and total duration of the following behaviors were quantified by individuals blind to the rearing condition of females -- sniff the male, bite the male\'s head/neck or flank (aggressive behaviors); freeze when approached by the male, run away from the male, or establish a subordinate posture -- the female stands on her hind legs with her paws upright and nape displayed (subordinate behaviors). In addition, in this study we observed high levels of tail rattling in F2 females so this was recorded. Tests were to be immediately terminated if overt aggression was observed, although this was not the case with any females tested in this study. Females who did not display a given behavior during the 7-min test were assigned a latency of 420 s for that behavior.

OT and V1a receptor autoradiography
-----------------------------------

Mice were sacrificed through rapid decapitation and brains extracted, placed briefly in isopentane, and stored at −80°C. Brains were sectioned in the coronal plane at 20 μm, and sections thaw mounted onto poly-[l]{.smallcaps}-lysine coated slides that were stored at −80°C until the assay was performed. Slide-mounted coronal brain sections were processed for OT receptor autoradiography using ^125^I-d(CH~2~)~5~\[Tyr-Me)~2~,Tyr-NH~2~^9^\] OVT (New England Nuclear, Boston, MA, USA) and V1a receptor autoradiography using ^125^I-lin-vasopressin \[^125^I-phenylacetyl-[d]{.smallcaps}-Tyr(ME)-Phe-Gln-Asn-Arg-Pro-Arg-Tyr-NH~2~\] (New England Nuclear, Boston, MA, USA) as previously described (Francis et al., [@B41], [@B43]). All autoradiograms were analyzed using an image-analysis system (MC1D-4, Interfocus Imaging, Cambridge, UK). Between three and six sections were analyzed bilaterally for each brain region. OT receptor binding was analyzed rostrally between Bregma +0.74 and +0.26 mm in the dorsal lateral septum, ventral lateral septum, dorsal endopiriform nucleus and the agranular insular cortex. The same regions were also analyzed caudally between Bregma +0.26 and +0.02 mm as was the dorsal bed nucleus of the stria terminalis (BNST). V1a receptor binding analysis was restricted to the dorsal lateral septum and ventral lateral septum both rostrally and caudally (see Figure [6](#F6){ref-type="fig"}). Sections that did not contain the region of interest and brains that had too few sections were excluded from the analysis. For each animal, total and non-specific binding was measured for each region and the difference taken to yield specific binding which was converted to fmol/mg using microscales (GE Healthcare). The statistical analysis was performed on the mean of these values for each animal by brain region according to the mouse brain atlas (Paxinos and Franklin, [@B71]). Analysis of mean receptor density values was conducted using *t*-tests with subsequent correction for analyses of multiple regions within each receptor type and level (rostral vs. caudal).

Results
=======

Effects of standard vs. communal rearing conditions on F0 maternal behavior
---------------------------------------------------------------------------

Prior to cross-fostering of pups, those F0 Balb/c females designated to *standard* vs. *communal* rearing conditions were found to display equivalent nest qualities and levels of motivation to sniff, retrieve, nestbuild and crouch over pups during the pup retrieval test conducted on PND 0 (data not shown). However, differences in maternal behavior were apparent during home-cage observations conducted after the implementation of the *standard* vs. *communal* rearing conditions. Repeated measures ANOVA with postnatal day as within- and rearing condition as between-group factors indicated a main effect of rearing condition \[F(1,19) = 5.22, *p* \< 0.05\] and a main effect of day \[F(5,19) = 3.12, *p* \< 0.05\] on frequency of nursing-contact with pups. Communally rearing females engaged in higher levels of nursing-contact than standard rearing females and this behavior decreased across days in both groups (Figure [1](#F1){ref-type="fig"}A). In contrast, non-nursing contact was elevated in standard compared to communally rearing females \[F(1,19) = 11.29, *p* \< 0.001; Figure [1](#F1){ref-type="fig"}B\]. Analysis of LG behavior indicated a trend for increased licking amongst communally nursing females \[F(1,19) = 3.08, *p* = 0.08\] with both groups decreasing frequency of this behavior across days \[F(5,19) = 7.76, *p* \< 0.001; Figure [1](#F1){ref-type="fig"}C\]. Frequency of nest-building was found to be significantly decreased amongst communally rearing females \[F(1,19) = 20.28, *p* \< 0.001; Figure [1](#F1){ref-type="fig"}D\] and self-grooming was elevated in the communal group \[F(1,19) = 9.7, *p* \< 0.01\]. No effects of rearing condition were found on the frequency of eating, drinking, or in time spent off the nest.

![**Postpartum maternal behavior amongst females rearing pups in standard vs communal nests**. Frequency of **(A)** nursing-contact was significantly elevated amongst communal females whereas **(B)** non-nursing contact was reduced in communal compared to standard rearing females. Though overall levels of **(C)** licking/grooming did not differ as a function of rearing condition, there was a trend for communal to lick pups more frequently, particularly early in the postpartum period. **(D)** Nest-building was observed more frequently amongst standard compared to communal females. \**p* \< 0.05.](fnbeh-03-025-g001){#F1}

Effects of standard vs. communal rearing conditions on growth of offspring
--------------------------------------------------------------------------

Analysis of average pup weight at PND 6 indicated no group differences as a function of rearing condition \[standard = 3.46 ± 0.15 g; communal = 3.53 ± 0.13 g\]. However, repeated measures ANOVA of individual offspring weights at weaning (PND 28), PND 35, and day 60 indicated a significant sex by rearing condition by time interaction \[F(2,99) = 5.14, *p* \< 0.01\]. *Post hoc* analysis indicated that at PND 28 there were no sex differences in weight of communally reared offspring whereas sex differences were apparent amongst standard reared males and females \[*p* \< 0.001; standard: males = 14.41 ± 0.37 g, females = 12.22 ± 0.48 g; communal: males = 13.45 ± 0.36 g, females = 13.20 ± 0.31 g\]. However, this rearing condition by sex interaction was not significant at PND 35 or day 60 and sex differences in weight were significant in both groups at these time-points.

Effects of standard vs. communal rearing conditions on F1 offspring open-field exploration
------------------------------------------------------------------------------------------

Two-way ANOVA indicated a main effect of rearing condition on the number of fecal boli produced during testing \[F(1,99) = 4.67, *p* \< 0.05\] indicating that both male and female offspring who had been communally reared produced fewer boli. Time spent immobile during testing was also found to be lower amongst communally reared offspring \[F(1,99) = 5.38, *p* \< 0.05\] though overall activity (number of grid-crossings during testing) and time spent in the inner area of the apparatus did not differ as a function of rearing condition (Table [2](#T2){ref-type="table"}).

###### 

**Open-field behavior of F1 standard vs. communal reared offspring**.

  Rearing condition   Sex      Number of boli   Time spent immobile   Time spent in the inner area   Total squares crossed
  ------------------- -------- ---------------- --------------------- ------------------------------ -----------------------
  Standard            Male     8.79 ± 0.64      69.96 ± 15.20         130.22 ± 19.97                 689.90 ± 68.46
                      Female   8.48 ± 0.80      106.19 ± 22.13        104.54 ± 22.40                 596.60 ± 107.48
  Communal            Male     7.08 ± 0.71\*    49.16 ± 7.74\*        103.86 ± 18.18                 563.88 ± 50.05
                      Female   7.24 ± 0.55\*    57.12 ± 10.76\*       81.57 ± 15.33                  552.96 ± 57.61

*\*Significant difference in communal compared to standard reared, p \< 0.05*.

Effects of standard vs. communal rearing conditions on F1 offspring maternal behavior
-------------------------------------------------------------------------------------

Analysis of litter size and litter weight of pups born to F1 offspring indicated no effect of rearing condition (data not shown). F1 females who had been communally reared were found to have a higher nest quality than standard reared females \[standard = 3.4 ± 0.29, communal = 4.2 ± 0.21; t(30) = 2.11, *p* \< 0.05\]. Analysis of latency (in seconds) to approach and retrieve three pups indicated that communally reared females had decreased latencies to retrieve all three pups compared to standard reared females \[t(30) = 2.55, *p* \< 0.05; Figure [2](#F2){ref-type="fig"}\]. No rearing effects were found on the latency to sniff, nest-build or crouch over pups during testing. Differences in retrieval latencies were found to be primarily due to rearing effects on the number of females that were observed to engage in retrieval compared to those that were not observed to retrieve pups during the 15-min test. Amongst standard reared females, 43.5% were observed to retrieve pups whereas 87.5% of communally reared females retrieved pups, an effect found to be significant using chi-square analysis \[χ^2^(1) = 4.99, *p* \< 0.05\].

![**Behavior of F1 females from standard vs. communal rearing conditions during a test of pup retrieval**. Latency to retrieve all three pups and return them to the nest was shorter amongst communally reared F1 females.](fnbeh-03-025-g002){#F2}

Repeated measures analysis of postpartum maternal behavior indicated that communally reared F1 offspring exhibited significantly higher frequencies of nursing-contact \[F(1,30) = 5.3, *p* \< 0.05; Figure [3](#F3){ref-type="fig"}A\], non-nursing contact \[F(1,30) = 3.85, *p* \< 0.05; Figure [3](#F3){ref-type="fig"}B\], and pup LG \[F(1,30) = 6.30, *p* \< 0.05; Figure [3](#F3){ref-type="fig"}C\]. Conversely, standard reared females were more frequently off the nest and not in contact with pups compared to communally reared females \[F(1,30) = 8.48, *p* \< 0.01\]. No effects of rearing condition were observed on the frequency of nest-building (Figure [3](#F3){ref-type="fig"}D), self-grooming, eating or drinking.

![**Postpartum maternal behavior amongst F1 standard and communally reared females**. Frequency of **(A)** nursing-contact, **(B)** non-nursing contact, and **(C)** licking/grooming was significantly elevated amongst communal females. **(D)** Nest-building did not differ amongst standard compared to communally reared females. \**p* \< 0.05.](fnbeh-03-025-g003){#F3}

Aggression toward an intruder male was compared amongst lactating standard vs. communally reared females (Table [3](#T3){ref-type="table"}). Latency to engage in a submissive defensive freezing posture was significantly decreased in communally compared to standard reared females and communal females were found to spend more time in this posture throughout testing. In contrast, latency to bite the intruder male was increased in communally reared females and communal females were less frequently observed to bite males during testing.

###### 

**Lactational aggression of F1 standard vs. communally reared offspring**.

  Behavior                 Standard           Communal
  ------------------------ ------------------ --------------------
  **LATENCY (S)**                             
  Sniff                    6.7 ± 1.0          8.6 ± 1.5
  Run away                 243.4 ± 41.0       253.7 ± 45.4
  Subordinate posture      226.2 ± 35.8       234.1 ± 35.1
  Defensive freeze         **244.0 ± 32.3**   **160.1 ± 24.3\***
  Bite                     **103.2 ± 36.6**   **222.2 ± 44.4\***
  **FREQUENCY**                               
  Sniff                    13.0 ± 1.3         10.8 ± 0.8
  Run away                 1.1 ± 0.3          1.4 ± 0.5
  Subordinate posture      3.8 ± 1.0          5.4 ± 1.2
  Defensive freeze         3.3 ± 0.8          4.7 ± 0.5
  Bite                     **3.9 ± 0.7**      **1.9 ± 0.6\***
  **TOTAL DURATION (S)**                      
  Sniff                    32.9 ± 4.4         31.2 ± 3.0
  Run away                 1.2 ± 0.3          1.7 ± 0.7
  Subordinate posture      36.1 ± 16.8        27.4 ± 6.7
  Defensive freeze         **12.7 ± 3.6**     **23.2 ± 3.7\***
  Bite                     7.9 ± 1.7          4.0 ± 1.7

*\*p \< 0.05, Bold represents significant differences*.

Effects of standard vs. communal rearing conditions on F2 offspring open-field exploration
------------------------------------------------------------------------------------------

Adult female offspring of F1 standard vs. communally reared females were tested as in the F1 generation on measures of open-field exploration. F2 offspring of communally reared females were found to spend less time immobile \[t(22) = 2.38, *p* \< 0.05\] and display higher levels of activity \[t(30) = 2.38, *p* \< 0.05\] compared to F2 offspring of standard reared females (Table [4](#T4){ref-type="table"}). F2 communally reared females were also found to spend more time in the inner area of the open-field \[t(22) = 2.90, *p* \< 0.01\]. No group differences were found in the number of fecal boli produced during testing.

###### 

**Open-field behavior of F2 standard vs. communal female offspring**.

  Rearing condition   Number of boli   Time spent immobile (s)   Time spent in the inner area (s)   Total squares crossed
  ------------------- ---------------- ------------------------- ---------------------------------- -----------------------
  Standard            9.16 ± 0.80      139.30 ± 35.56            55.70 ± 19.13                      472.00 ± 103.98
  Communal            9.25 ± 1.18      40.03 ± 21.86\*           135.94 ± 19.92\*\*                 773.83 ± 72.36\*

*Communal vs. standard, \*p \< 0.05, \*\*p \< 0.01*.

Effects of standard vs. communal rearing conditions on F2 offspring maternal behavior
-------------------------------------------------------------------------------------

F2 communal females were found to have larger litter sizes \[t(29) = 2.28, *p* \< 0.05; standard = 7.00 ± 0.50, communal = 8.57 ± 0.45\] and litter weights \[t(29) = 2.79, *p* \< 0.01; standard = 10.27 ± 0.56 g, communal = 12.34 ± 0.45 g\] compared to F2 standard females though average pup weight did not significantly differ. No significant differences were found on measures of nest quality on PND 0 (standard = 4.24 ± 0.20; communal = 4.29 ± 0.27) or in latency to sniff or retrieve pups (Figure [4](#F4){ref-type="fig"}). There was a trend for F2 communal females to engage in retrieval behavior during testing more frequently than F2 standard females \[standard = 64.7%; communal = 78.6%, *p* = 0.08\].

![**Behavior of F2 females from standard vs. communal rearing conditions during a test of pup retrieval**. No significant differences were observed between groups in any behavior.](fnbeh-03-025-g004){#F4}

Overall, frequency of nursing behavior during the postpartum period was not found to differ between standard and communal F2 females, though there was a significant elevation in nursing-contact by F2 communal females on PND 1 (*p* \< 0.05 Figure [5](#F5){ref-type="fig"}A). Non-nursing contact was found to be decreased in F2 communal females from PND 1--6 \[F(1,30) = 5.39, *p* \< 0.05; Figure [5](#F5){ref-type="fig"}B\]. No group differences were found in the frequency of LG (Figure [5](#F5){ref-type="fig"}C), nest-building (Figure [5](#F5){ref-type="fig"}D), self-grooming, eating, drinking, and time spent off the nest. Analysis of behavior during exposure to an intruder male indicated no group differences in aggressive or subordinate behaviors (data not shown), though F2 standard females were observed to spend more time tail rattling during testing \[t(27) = 2.16, *p* \< 0.05; standard = 9.75 ± 3.54 s, communal = 1.19 ± 0.66 s\].

![**Postpartum maternal behavior amongst F2 standard and communal females**. Though frequency of **(A)** nursing-contact did not significantly vary between groups overall, there were significant elevations in this behavior amongst communal females on PND 1. **(B)** Non-nursing contact was reduced in communal compared to standard females. No significant differences were observed in the frequencies of **(C)** licking/grooming or **(D)** nest-building. \**p* \< 0.05.](fnbeh-03-025-g005){#F5}

V1a and OT receptor binding in F1 and F2 standard and communal females
----------------------------------------------------------------------

In F1 dams at day 28 PND, communally reared dams had significantly elevated caudal oxytocin receptor binding compared to standard reared dams in the dorsal lateral septum \[t(13) = 5.48, *p* \< 0.001\], ventral lateral septum \[t(13) = 11.25, *p* \< 0.001\], dorsal BNST \[t(13) = 11.24, *p* \< 0.001\], posterior part of the agranular insular cortex \[t(13) = 3.20, *p* \< 0.01\] and the dorsal endopiriform nucleus \[t(13) = 3.45, *p* \< 0.01; Table [5](#T5){ref-type="table"}\]. More rostrally, the only significant difference in oxytocin receptor binding was found in the dorsal lateral septum, where communally reared dams had elevated binding compared to standard reared dams \[t(12) = 2.83, *p* \< 0.05\]. With regard to vasopressin V1a receptors, F1 standard reared dams had elevated V1a receptor binding in the caudal part of the dorsal lateral septum compared to dams who had been reared in the communal condition \[t(12) = 2.21, *p* \< 0.05\]. No significant differences were found in the rostral part of the dorsal lateral septum or in the ventral lateral septum. Amongst F2 females at day 7 PND, dams in the standard reared lineage had higher V1ar binding in the rostral dorsal lateral septum \[t(26) = 3.94, *p* \< 0.01\], and a trend towards lower oxytocin receptor binding in the rostral ventral lateral septum \[t(23) = 2.02, *p* = 0.055\] than those dams in the communally reared lineage. No other significant differences were observed between F2 dams in the standard or communal lineages.

###### 

**Oxytocin and vasopressin V1a receptor binding in F1 and F2 females**.

                                                   F1 dams (28 PND)   F2 dams (7 PND)                             
  ------------------------------------------------ ------------------ ------------------------ ------------------ -----------------------
  **OXYTOCIN RECEPTOR ROSTRAL (FMOL/MG)**                                                                         
  Dorsal lateral septum                            **21.76 ± 1.02**   **28.50 ± 2.68\***       23.79 ± 1.81       26.97 ± 3.36
  Ventral lateral septum                           29.93 ± 1.72       30.91 ± 0.20             **27.64 ± 1.35**   **33.86 ± 2.85*^†^***
  Dorsal endopiriform nucleus                      51.02 ± 2.75       51.17 ± 2.16             41.78 ± 1.61       42.58 ± 1.47
  Agranular insular cortex, ventral part           45.90 ± 3.14       48.17 ± 2.77             40.60 ± 1.79       40.69 ± 2.16
  **OXYTOCIN RECEPTOR CAUDAL (FMOL/MG)**                                                                          
  Dorsal lateral septum                            **25.82 ± 1.66**   **40.56 ± 2.17\*\*\***   36.59 ± 2.32       33.45 ± 2.40
  Ventral lateral septum                           **36.19 ± 1.67**   **51.46 ± 2.32\*\*\***   44.93 ± 2.29       42.35 ± 3.56
  Dorsal endopiriform nucleus                      **48.50 ± 2.30**   **58.86 ± 1.83\*\***     46.27 ± 1.39       43.36 ± 1.84
  Agranular insular cortex, posterior part         **44.09 ± 2.01**   **53.33 ± 2.07\*\***     43.09 ± 1.15       41.28 ± 1.34
  Dorsal bed nucleus of the stria terminalis       **22.06 ± 0.83**   **28.26 ± 1.15\*\*\***   23.13 ± 1.01       22.46 ± 1.68
  **VASOPRESSIN V1A RECEPTOR ROSTRAL (FMOL/MG)**                                                                  
  Dorsal lateral septum                            42.56 ± 3.47       44.92 ± 1.88             **54.13 ± 1.48**   **41.19 ± 3.73\***
  Ventral lateral septum                           37.50 ± 2.30       37.82 ± 3.52             45.12 ± 1.00       40.81 ± 4.41
  **VASOPRESSIN V1A RECEPTOR CAUDAL (FMOL/MG)**                                                                   
  Dorsal lateral septum                            **47.27 ± 1.62**   **40.48 ± 2.85\***       51.41 ± 1.47       48.92 ± 3.45
  Ventral lateral septum                           43.08 ± 1.58       43.21 ± 4.09             51.26 ± 1.89       51.68 ± 3.62

*\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ^†^p \< 0.055, Bold represents significant differences*.

![**Representative images of regions with oxytocin and vasopressin V1a receptor binding**. **(A)** rostral oxytocin receptor; **(B)** caudal oxytocin receptor; **(C)** rostral vasopressin V1a receptor; **(D)** caudal vasopressin V1a receptor. Please refer to materials and methods for co-ordinates and regions.](fnbeh-03-025-g006){#F6}

Discussion
==========

In the current study we provide evidence for the impact of communal rearing on Balb/c mice and demonstrate the ameliorating effects that this variation in the early social environment can have on a stress-sensitive and socially impaired mouse strain. Importantly, these early rearing effects persist in the absence of continued social enrichment and can be observed amongst F2 female offspring who have never experienced the communal rearing conditions. Though the mechanism of this transmission across generations of early rearing effects has yet to be fully elucidated, our data suggest the possibility that variations in maternal care that are induced in F0 females when rearing offspring in a communal nest combined with the increased peer interactions amongst the large communal litters may alter neural systems which regulate exploratory, social and reproductive behavior in offspring. Consequently, when F1 offspring are adults, they display reduced anxiety-like behavior and females display increased maternal motivation and care which alters the development of F2 offspring.

Though Balb/c female mice have previously been demonstrated to exhibit low levels of particular forms of maternal care, including LG and nursing behavior (Roy et al., [@B75]), here we demonstrate that when the rearing dynamics of the postpartum environment are altered, there are significant increases in nursing-contact and a trend toward increased LG in Balb/c dams. These data are consistent with previous observations of communally nursing female mice (Branchi et al., [@B15]) and highlight the contextual determinants of maternal care. Though individual differences in maternal care can be predicted by the quality of the postnatal (Lovic et al., [@B54]) and juvenile environment (Champagne and Meaney, [@B26]), the quality of the perinatal environment of adult females may also be capable of shifting patterns of maternal behavior. This has been most clearly shown in response to gestational stress, which typically leads to decreased levels of pup LG (Champagne and Meaney, [@B25]) and reduced frequency of nursing in rodent studies (Smith et al., [@B81]). In primates and rodents, variable foraging demand during the postnatal period leads to alterations in the dynamics of the mother--infant interaction (Rosenblum and Paully, [@B73]; Coutellier et al., [@B29]), with consequences for offspring development. The increased level of social interaction within the communal nest may provide an enriched environment for post-parturient females which may facilitate pup directed behavior. The increased physical interaction associated with social contact has been demonstrated to increase oxytocin release leading to reduced anxiety (Uvnas-Moberg, [@B84]). These combined effects may lead to increased social behavior, and amongst communally nesting females, lead to increased mother--infant interactions.

The communal nursing paradigm was initially developed in the laboratory to examine reproductive success and to elucidate those factors that lead to cooperative vs. antagonistic interactions between post-parturient females (Sayler and Salmon, [@B77], [@B78]; Manning et al., [@B57]; Konig, [@B46]). Consistent with this previous literature, we found high levels of maternal investment in the communal litter even amongst unrelated Balb/c females caring for foster pups and there were no differences in mortality between standard and communal reared litters. Literature regarding the effects of communal rearing on growth rates has been somewhat inconsistent, the most reliable and robust increases in growth usually present when the ratio of mothers to pups is increased (Sayler and Salmon, [@B77]). In the present study, the ratio of mothers to pups was similar between standard and communally reared nests and as predicted we did not find significant elevations in weaning weights amongst communal litters. However, we did observe a transient rearing effect on sexual dimorphism in weaning weight, with communally reared males and females exhibiting no significant differences in weight at PND 28. These data suggest that males and females may respond differentially to this early rearing paradigm or there may be differences in maternal interactions as a function of the sex of the pup that are present in standard vs. communal litters. As we did not distinguish between male and female pups when conducting observations of the litters, we are unable to determine if maternal investment is varying as a function of sex of the pup. Previous studies of prenatal stress, neonatal handling and maternal separation have provided evidence for sex differences in sensitivity to early rearing effects, with males typically found to be more sensitive to the long-term effects of these experiences (Park et al., [@B69]; Slotten et al., [@B80]; Mueller and Bale, [@B63], [@B64]). However, based on the analysis of open-field behavior of male and females reared in standard vs. communal nests, it would appear that both sexes are equally affected by this rearing paradigm.

Enrichment of the quality and quantity of social interaction during the postnatal and postweaning period has previously been demonstrated to decrease behavioral and physiological indices of stress responsivity (van Praag et al., [@B85]; Meaney, [@B59]) and in many cases ameliorate the heightened hypothamalic--pituitary--adrenal (HPA) activity associated with genetic or early environmental perturbations (Wakshlak and Weinstock, [@B88]; Arai et al., [@B3]). In response to communal rearing, we find significant decreases in anxiety-like behavior amongst Balb/c mice, with both males and females producing fewer fecal boli and spending less time immobile during testing. This early environmental "intervention" may be particularly effective when using the Balb/c strain, as previous studies have demonstrated that these mice display elevated stress responses and behavioral inhibition, decreased social motivation, and impaired cognitive ability (Brodkin, [@B17]). Moreover, embryo transfer and cross-fostering studies have demonstrated that the prenatal and postnatal environment provided by Balb/c dams is capable of shifting the phenotype of a less stress-responsive mouse strain (C57BL/6) to become more anxious (Francis et al., [@B42]; Priebe et al., [@B72]). Stimulating the postnatal environment of rodents using neonatal handling has similarly been shown to decrease HPA activity and compensate for behavioral deficits associated with exposure to prenatal stress or alcohol (Wakshlak and Weinstock, [@B88]; Weinberg et al., [@B89]). Based on observations of the natural ecology of mouse rearing dynamics, we would propose that standard laboratory rearing conditions of single dams rearing pups represents a form of early social deprivation whereas communal nesting restores the species typical early environment with consequences for offspring development. In contrast to our findings, previous studies using a variant of the communal paradigm with ICR mice in which pups of different ages are reared by multiple females who have been housed together several days prior to parturition have suggested that communal rearing may increase anxiety-like behavior (Branchi and Alleva, [@B14]; Branchi et al., [@B16]). Interestingly, the direction of the effect of communal rearing on emotional behavior was dependent on the social context of the behavioral assessment, with reduced anxiety-like behavior emerging when communally reared males were tested in pairs (Branchi and Alleva, [@B14]). Taken together with our findings, these results suggest the importance of considering strain-specific effects and the specific nature of the early social enrichment in interpreting the long-term developmental consequences.

There is converging evidence from numerous experimental paradigms and longitudinal studies in humans for the impact of variations in postnatal maternal care on the maternal behavior of female offspring. In humans and primates, individual differences in attachment (Benoit and Parker, [@B7]), mother--infant contact (Fairbanks, [@B39]) and maternal rejection or abuse (Berman, [@B8]; Chapman and Scott, [@B28]; Maestripieri, [@B55]) have been found to be transmitted from mother to daughter. Amongst laboratory rodents, lactating dams display considerable variability in postnatal LG and nursing which are associated with neuroendocrine effects in female offspring, particularly on hypothalamic receptor expression (Champagne and Meaney, [@B20]; Champagne et al., [@B19]). Consequently, as adults, female offspring who had received high levels of maternal care in infancy are more sensitive to the elevated circulating hormone levels that occur in late pregnancy and are thus more "primed" for maternal care (Champagne et al., [@B19], [@B24]). These experiential influences on maternal motivation and behavior are also observed in our analysis of female offspring reared in communal nests. Communally reared F1 females build higher quality nests, retrieve pups more rapidly when the nest is scattered and engage in higher levels of LG and nursing-contact with pups during the postnatal period. Importantly, these effects are observed when both communal and standard reared F1 females are rearing their own offspring under standard rearing conditions. The long-term neurobiological changes in F1 offspring that lead to these variations in adult maternal behavior may be driven by the elevated level of care provided to offspring in communal nests and/or by the high level of social contact received through peer-peer interactions in this rearing environment. These maternal and peer/sibling influences may be a critical source of tactile stimulation for developing offspring which serves to increase growth factors and oxytocin release leading to a cascade of neural changes that persist beyond the postnatal period (Pauk et al., [@B70]; McCarthy et al., [@B58]).

Analysis of behavior of lactating F1 offspring indicated that communally reared females displayed less aggressive behavior and more submissive behavior towards a male intruder compared to standard reared females. Indeed, communally reared females were more likely to engage initially in freezing behaviors whereas standard reared females were more likely to exhibit aggressive behaviors initially. Few studies have assessed the long-term effects of early social experiences on the future expression of lactational aggression in offspring, however, there is evidence supporting the hypothesis that increased early social contact is associated with reduced levels of future maternal aggression. For instance, female rats who are reared in absence of their mother and siblings are more aggressive and less subordinate when they become dams compared to non-separated females; though this effect can be ameliorated if the maternally isolated females are reared with other pups (Melo et al., [@B61]). Furthermore, female C57BL/6 mice who were maternally separated during their early life have been found to have shorter latencies to attack intruder males during their own early postpartum period (Veenema et al., [@B86]). Thus the increased levels of nursing experienced by communally reared offspring and the increased levels of social stimulation received from peers in the communal nest may induce the development of reduced maternal aggression. Similar effects are achieved by altering the level of paternal care amongst biparental mice (*Peromyscus californicus*), with increased care leading to longer attack latencies in male and female offspring during a resident intruder test (Frazier et al., [@B44]). Mechanistically, these effects may be mediated directly through altered activity of vasopressin and oxytocin acting directly on maternal circuits (Veenema et al., [@B86]; Bosch and Neumann, [@B12]; Nephew and Bridges, [@B65],[@B66]; Veenema and Neumann, [@B87]) or alternatively, they may be mediated *via* changes to the neural circuits underlying anxiety-like behavior. It has previously been reported that virgin female rats that showed elevated levels of anxiety-like behavior later demonstrated higher levels of maternal aggression (Bosch et al., [@B11]) though there appears to be some inconsistency across species and strains regarding the relationship between anxiety-like behavior and maternal aggression (Maestripieri and D\'Amato, [@B56]; Lonstein, [@B53]).

It has been proposed that maternal aggression is an adaptive behavior to enable lactating dams to protect their offspring from potentially infanticidal conspecifics (Agrell et al., [@B1]). However, dependent upon socio-ecological conditions, the display of such aggression may cause harm to the female and cost her future reproductive opportunities. In environments where communal nursing is the norm and where there are likely to be several males and females sharing a deme with the responsibility to protect offspring, it may be adaptive for the expression of maternal aggression to be reduced. Furthermore, these differences in behavioral strategies employed by communally reared compared to standard reared females may be additional evidence in support of the previously described increased social competence amongst communally reared mice (Branchi et al., [@B15]). In a social interaction test, communally reared ICR males are able to establish a social hierarchy more rapidly compared to singly reared offspring (D\'Andrea et al., [@B36]). In our study, communally reared females demonstrated enhanced social competence by being able to rapidly evaluate the larger intruder male and exhibit defensive behaviors more quickly than singly reared females. Though we did not observe a direct inheritance of biting and subordinate phenotypes to the F2 generation, we did observe higher levels of aggressive tail rattling by F2 standard reared females compared to F2 females whose F1 mothers had been reared communally. Therefore, there appears to be a transmission of maternal aggression across generations which may get weaker when the socio-ecological conditions change (e.g., from communal rearing to single rearing).

Though the study of inherited traits has long been the domain of genetics research, there is increasing evidence for the non-genomic transmission of the effects of environmental experiences across generations. In the present study we demonstrate that the impact of communal rearing can be observed on F1 offspring who had been exposed in infancy to the communal nest and on F2 offspring who had not directly experienced the communal nest but who had been reared by an F1 female. F2 communal female offspring were found to exhibit decreased anxiety-like behavior, spending less time immobile and more time exploring the inner area of the open-field. Though rearing effects on time spent in the inner area were not seen in the previous generation of females, possibly due to the overall heightened levels of inner area exploration exhibited by the fostered F1 offspring in both groups, this behavior in F2 females indicates a similar overall phenotype to F1 females. Moreover, F2 females displayed variations in reproduction and maternal care, with F2 females having larger litters with elevated pup weights and engaging in an increased frequency of nursing on day PND 1 and decreased non-nursing contact from days 1--6 PN; a pattern of postnatal behavior similar to their communally nursing F0 grand-mothers. These findings provide significant evidence for the transgenerational impact of the early rearing experiences in mice and indicate that potentially adaptive changes in response to environmental cues can persist within and across generations. The adaptive value of these rearing effects, though hypothetical within a laboratory setting, can certainly be appreciated. Increased maternal and peer interaction experienced in infancy would likely indicate an enriched social environment in which reduced emotional and increased maternal investment would enhance an individual\'s capacity for cohabitation within a large social group. The transmission of these effects to the F2 generation would likely better prepare these offspring to function within a socially complex environment.

Research on the transgenerational impact of environmental experiences is rapidly evolving. Previous studies indicate that prenatal protein restriction (Zambrano et al., [@B90]), *in utero* exposure to endocrine disruptors (Anway et al., [@B2]; Newbold et al., [@B67]) and maternal smoking during pregnancy (Li et al., [@B51]) can induce molecular changes that impact health and development of offspring and grand-offspring. These studies suggest an alteration in epigenetic programming within the germline that alters the development of subsequent generations. Alternatively, transgenerational effects may be mediated through modification of the epigenetic status of genes that regulate reproductive behavior (Champagne, [@B21]). Epigenetic effects on the expression of hypothalamic estrogen receptor (ER) α has been previously demonstrated to mediate the transmission of variations in maternal LG from mother to daughter with implications for the maternal behavior of grand-daughters (Champagne et al., [@B27]). Additional evidence of this non-genomic transmission comes from rodent studies of the effects of postnatal abuse and suggests that environmentally induced modification to methylation of the exon IV region of the BDNF gene can be inherited by offspring and grand-offspring through variations in the perinatal mother--infant interaction (Roth et al., [@B74]). Epigenetic modifications, particularly in the form of DNA methylation, provide a unifying mechanism through which both germline and non-germline inheritance of environmental experiences may be mediated. Though we have yet to explore the role of these mechanisms in mediating the effects of communal rearing on F1 and F2 offspring, previous studies support the likelihood that DNA methylation is a biological pathway linking environmental exposures to long-term neurobiological and behavioral change.

There are numerous neural mechanisms through which social modulation of physiology and behavior can be achieved. In the present study, we have explored the impact of communal rearing on region-specific oxytocin and vasopressin V1a receptor densities and found significant alterations in these receptors in F1 and F2 females. Oxytocin receptor binding was found to be elevated in the lateral septum, BNST, agranular insular cortex, and dorsal endopiriform nucleus of communally reared F1 females with a trend for the persistence of these elevations in the lateral septum of F2 females. Elevations in oxytocin receptor density have previously been demonstrated to be associated with increased maternal care and decreased anxiety-like behavior in rodents (Francis et al., [@B41]; Champagne and Meaney, [@B26]), suggesting that alterations in these neuropeptide receptors may account for the behavioral effects of communal rearing observed in F1 and F2 females. The oxytocin/vasopressin system exhibits a high degree of plasticity in response to hormonal and experiential influences (Meddle et al., [@B60]; Curley et al., [@B35]). Previous studies have shown that elevated levels of maternal LG as well as exposure to juvenile social enrichment are associated with increased oxytocin receptors in both mothers and their female offspring (Francis et al., [@B41], [@B43]; Champagne et al., [@B19]; Champagne and Meaney, [@B26]). Importantly, the magnitude of the influence of the juvenile social environment is dependent on the quality of care received in infancy. Thus offspring who received low levels of maternal LG do not display behavioral differences or changes in oxytocin receptor binding when exposed to social impoverishment but do show enhanced receptor binding, increased exploration of novelty and increased maternal care when exposed to social enrichment. These findings highlight the importance of considering individual differences in trait social and anxiety behavior when implementing early rearing manipulations. Though we observe significant "benefits" of communal rearing in Balb/c mice, these effects may be obscured when using a highly social and exploratory rodent strain.

F1 females reared in communal nests and F2 offspring of these females were found to have decreased V1a receptor binding in the lateral septum. Though previous research suggests that vasopressin and V1a receptors would facilitate social interactions (Landgraf et al., [@B47]; Bielsky et al., [@B9]), increase maternal behavior (Bosch and Neumann, [@B12]; Nephew and Bridges, [@B66]) and in some cases be associated with decreased anxiety-like behavior (Everts and Koolhaas, [@B38]), gene knockout, targeted viral vector and pharmacological studies would suggest that V1a receptor activity within the lateral septum is anxiogenic. V1a knockout mice have been demonstrated to exhibit increased open-arm entries on the elevated plus maze and decreased marble burring (Egashira et al., [@B37]) and site specific over-expression of the V1a receptor within the lateral septum is associated with decreased time spent in the light region of a light--dark box (Bielsky et al., [@B9]). Infusion of a V1a antagonist into the septal region in rats has been found to increase open-arm entries in the elevated plus maze (Liebsch et al., [@B52]) and similar anxiolytic effects have been achieved through infusion of V1a receptor antisense (Landgraf et al., [@B48]). However, it should be noted that the anxiolytic effects of decreased V1a receptor levels/activity illustrated in previous studies are based primarily on effects is male rats and mice and the V1a receptor knockout has not been demonstrated to alter anxiety-like behavior in female mice (Bielsky et al., [@B10]). It would appear likely that the impact of V1a receptor binding in the lateral septum for behavioral outcomes is sex-specific, species-specific and dependent on the context of neuropeptide levels within neural systems that interact with the septal region.

Overall, the communal nursing paradigm provides a novel and ethologically valid approach to the study of early social enrichment and here we provide evidence for the stability of the effects of these experiences within and across generations. These data have implications for understanding the pathways through which amelioration of deficits in reproductive and emotional behavior can be achieved.
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